The demand for electricity by primary aluminum smelters is estimated econometrically. Cross section data is used, including plant data for the U.S. and Norway and a national average for Japan. The data are sampled for two periods, one before and one after the 1973-74 energy price increase.
Introduction
Aluminum is one of the giant energy users among the manufacturing industries. The most energy intensive stage is the reduction of alumina to primary metal. This is done by an electrolytic process, which requires 13-19 kwh direct current electricity per kilogram aluminum. Up to recently, a substantial part of the aluminum smelting industry has been able to obtain electric power at very low cost, especially in areas with abundant hydro power, such as Canada, Norway, and the Pacific Northwest of the U.S.
With increasing scarcity of all energy, this is in the process of changing, and the possibilities of energy conservation in this industry are of obvious concern to policy makers as well as to the industry itself.
Some attention seems to have been devoted to this problem in the engineering literature l); econometric estimation techniques seem, however, not to have been used. This paper presents an attempt to estimate econometrically the demand for electricity in primary aluminum smelting as a function of relative prices. From an econometric point of view, this industry is an attractive case to study because it produces a homogeneous output with a well-defined set of inputs, which allows fairly direct application of the economic theory of production. A number of econometric studies have already estimated factor demand in manufacturing industries, but mostly on higher levels of aggregation ). It seems timely to supplement these efforts with micro estimation of a single industry with a homogeneous output.
The price that has to be paid for working on the micro level is that data are available only for a subset of all plants and only for one input, electricity. This limited data is nevertheless used in the present paper to estimate the elasticity of substitution between electricity and an aggregate of other inputs. The focus is on long-run equilibrium relationships, which may be thought of in this context as the ex ante isoquant of 3) a putty-clay technology . The core of the data used to estimate this is taken from a cross section of plants in the U.S. and a Japanese national average from the 1973-74 period, before the impact of the OPEC oil price increase was felt.
This core of data is supplemented with data from the same crosssection in 1977-78. A cross-section of Norwegian plants is also included in the full sample, with price data for 1973 and 1978 and quantity data for 1978. An ad hoc partial adjustment mechanism is used for estimation with observations from different dates.
The possibilities for substitution between electricity and other inputs to aluminum reduction are found to be somewhat limited. The elasticity of substitution is found to be around 0.1. It is, however, significantly different from zero. Moreover, the results indicate a large potential of energy conservation for large increases in electricity prices, such as are being considered in Norway and in the Pacific Northwest of the U.S.
It is less clear how long time would be needed to obtain this effect. A different kind of sample as well as a better dynamic theory is needed to
give good and meaningful estimates of speeds of adjustment.
Section 2 presents the mathematical model of the technology and discusses some problems of price uncertainty. A discussion of the data is given in section 3. Section 4 presents the econometric formulation of the model and section 5 the results. Section 6 concludes.
Technology Model
Write the production possibility constraint for aluminum reduction as
(1) A _ F(E,X 1 , . . . X ), ' 1 n where A is aluminum output, E is electricity input, and X,..., X are n other inputs. Assume F to be homogeneous of degree one and concave.
Ideally, one would want price and quantity data for all variables in (1) for estimation of factor demand in aluminum smelting. In practice, data are available for output and electricity only. Estimation on the basis of these data can be made under the following assumption:
F is separable between E and X 1 ,..., X so that other inputs can be represented by a single aggregate. Denote this aggregate as the scalar X.
(1) can then be written
Assume further that F is CES in E and X:
where a is the elasticity of substitution. For fixed output and electricity prices, profit maximization gives
can obviously be estimated with price and quantity data for output and electricity input only.
For an important part of the data sample, the customers of Bonneville
Power Administration (BPA) in the Pacific Northwest of the U.S., a slight modification of (3) is necessary. The power supply from BPA is based on hydro generation and depends on the level of precipitation. All contracts with aluminum customers are interruptible. At the times when BPA cannot deliver from its own sources, it acts as a trustee for the industry buying replacement power in the open market. Industry firms then have the option of purchasing this power or temporarily reducing their operation.
In this situation, the marginal price of electricity depends on the firm's demand for electricity and on the weather, which is stochastic. Write this as 4)
where is a stochastic parameter.
Assume that the choice of electricity intensity is made before the realization of is known and is derived from expected profit maximization.
Denote electricity intensity by e, relative intensity of other factors by x, and factor prices relative to output prices by pE and Px. Use aluminum output as numiraire (this is implicit in (3)), and consider maximization of normalized expected profit
The first order condition for energy intensity is obtained from where F is a decreasing function in its single argument.
Obviously, the covariance term is non-positive so that
Random movements in PE resulting from fluctuations in the price of aluminum are common for all observations and are essentially captured by the constant term in (3). Ignoring this reduces the distribution of PE to a two-point distribution (Bonneville either does or does not meet all demand). Then it is easy to show that the argument of F in (5) is E greater than Bonneville's price (pB), so that e < FE -l( ) Thus, actual demand lies in the interval FE-1(E < e < FE lpB).
The intuitive meaning of the second inequality is fairly obvious:
Since the marginal price of electricity is higher than Bonneville's price some of the time, it would be wasteful to act as if all electricity could be gotten at the lower price. The first inequality is more subtle. It may help the understanding to note that it would have been an equality if output were exogenous. However, firms may respond to temporarily high electricity prices by reducing output. Then, acting as if the expected price of electricity were given with certainty would add unnecessary costs of other factors.
For estimation, the argument of FE in (5) may be calculated and used as the "price" for Bonneville customers. In this paper, the covariance term is estimated by assuming that output is 10% lower whenever replacement power is purchased. The method for estimating the probability of this event is described in the Data Appendix.
The separability assumption in (1')imposes some important constraints that may be rejected by tests based on data on all inputs. For example, it rules out complementarity between electricity and other factors, such as capital. As is well known, energy-capital complementarity has been found in many industry studies on higher levels of aggregation . Also, it allows for interfuel substitution only via the aggregate X. With the presently available data, however, these problems cannot be dealt with. 
Data
The data cover a cross-section of reduction plants in the U.S., Japan, Commission, and from publicly available forms filed with federal and state energy regulatory commissions. All electricity consumption data include auxiliary power as well as DC current used in the electrolytic process.
About half of the plants in the U.S. sample do primary smelting only.
For the other half, the electricity consumption data cover fabrication plants at the same location. Information as to which smelting plants are combined with fabrication plants was obtained from industry sources; it was not possible, however to get specific data for smelting. This problem was essentially solved with a ummy variable, as explained in the next section. Norwegian quantity data for 1978 may represent engineering ideals rather than actual behavior. The price data for Norway may be somewhat unrealistic because, for some contracts, it is not clear (to this author) whether or not the companies have to pay for the whole contracted amount of electric energy regardless of actual usage. This is especially true of older contracts. Neither is it clear whether additional power can be purchased.
Thus, the effective marginal price may be both higher and lower than the ones recorded. The results in section 5 are interpreted with these weaknesses in mind.
A detailed account of the data is given in the Data Appendix.
Econometric Formulation
Consider first cross-section estimation with data for 1973-74 only.
Writing (3) in logarithmic form and adding terms to account for fabrication and stochastic disturbances gives the estimation equation
Here, Yi is the log of electricity consumption per unit of output, xi is the log of the price ratio (redefined as in (5) wherever necessary), z! is a dummy variable for fabrication, and ei is a random disturbance.
The dummy variable z has the value 1 when the observation covers one smelting plant and one fabrication plant or two smelting plants and two fabrication plants; it is 0.5 for two smelting plants and one fabrication plant, and 0 otherwise.
The error term is assumed to be distributed independently across observations and with respect to x' z It can be interpreted as the 1 2 percentage deviation from the optimal electricity intensity. Its variance 7) is assumed to be independent of plant size ) Some of the observations are, however, averages of two or more plants. We thus have, for all i
where a.. is the ratio of capacity in plant j to total capacity of all plants in observation i, and ni is the number of plants in this observation.
Assuming all e.j to be independently and identically distributed normal variables with mean 0 and variance T , gives (7) var(&) = Zci. .T Using one over the square root of the expression multiplying X in (72 Using one over the square root of the expression multiplying z in (7) as weights, (6) can be transformed to
where w.i is the weight and .i is a regression error.
Note that the share of electricity going to fabrication, B i is assumed to vary from plant to plant. This is reasonable since fabrication plants vary in size and electricity intensity. Bi is assumed to be a random coefficient with mean B and uncorrelated with w,x,z,c. Because
Bi is random, (8) is not a regression equation. It can, however, be rewritten as
Ordinary least squares applied to this equation would give unbiased, although inefficient estimates of a, a, , because the error term, (Bi -B)zi + Ei' is heteroskedastic. Letting 6 be the variance of 2 2 and X the ratio of 6 to , its variance can be written as 
Ri) /(Xz. + 1).
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With A as a parameter, (11) is maximized with respect to a, , , , T by applying ordinary least squares to (10). The likelihood function can then be "concentrated" as
where e. is the OLS residual of (10); and likelihood can be maximized by 1 search over A. This procedure permits efficient estimation with standard econometric computer packages.
The observations for 1978 (1977 for Japan) are not assumed a priori to represent a long-run equilibrium. Rather, the following ad hoc partial adjustment model is postulated: As shown by Lucas (1967) and Treadway (1971) and further developed by Berndt, Fuss, and Waverman (1977) , the partial adjustment model with a constant speed of adjustment has some very important shortcomings even for production models of the putty-putty type. In a putty-clay environment, which seems a good approximation for aluminum smelting, it is even harder to defend. It is used here as a simple method of making use of scarce data.
As noted in section 3, the U.S. quantity data for 1978 are less accurate than for 1974. This measurement error adds to the variance of the error term for these observations and calls for still another weighting of the data. The weights are estimated from the data as explained below.
Empirical Results
The results of estimation of (9) and (13) on the whole sample and various subsamples are presented in Table 1 . Maximum likelihood estimation invariably gave the corner solution A = 0. This is unreasonable, but may be explained by sampling variation. Likelihood ratio tests of the hypothesis A = 0.1 gave X values between 0.5 and 1.1 --highest for the smallest sample --, or well below the 5% critical value of 3.84. A was then constrained to have this value. With the estimated values of and typically are responsible for 8.5% to 13.5% of the power consumption of both plants. This seems well in accord with indirect evidence ) .
Constraining A to 0.1 causes only marginal changes in the other point estimates and standard errors.
The results in the first column of Table 1 With the large price variation in the sample, one might have expected a tighter estimate of a. For this sample, however, the random disturbances are sufficiently large to give a relatively high standard error of a. This problem disappears when the sample is expanded to include the contemporaneous observation of the Japanese national average. The point estimate of a is virtually unchanged, whereas its standard error is reduced by one third . With an estimated t-statistic of 2.83 and a corresponding critical value of 2.13, its difference from zero is comfortably significant on the 5% level. The hypothesis that the technology is Cobb-Doublas (a=l) is also rejected decisively with a t-value of -24.5.
Some uncertainty is attached to the Japanese electricity price. Since some Japanese plants are hydro powered, the price used here may be too high, so that the estimates of a and its standard error may be biased. The results are much less encouraging for the speed of adjustment, . The third possibility is interfuel substitution. All energy prices increased after the 1974 oil price increase, but electricity based on coal and hydro increased relatively less than oil and natural gas 13)
Thus, in attempts to cut total energy cost, electricity may have been given lower priority. This view seems in accordance with information
14) from industry sources ).
It also seems capable of explaining some of the difference between the U.S. and Japan, because electricity production is based more extensively on oil in Japan. It is not captured by the present model, however, because the separability assumption, necessitated by the scarcity of data, does not capture interfuel substitution as a separate phenomenon.
With a value of close to zero for U.S. observations (column 3), including the observations for 1978 amounts to little more than a second drawing from the same sample. As is seen from the standard errors, this pays off in terms of increased efficiency.
The regressions in Table 1 were run with the assumed price of 25 mills/kwh for 1978 for replacement power in the Pacific Northwest of the U.S. None of the results were changed by using the computed price of 65.5 mills/kwh instead. This is hardly surprising as the weight assigned to 1978 prices is exactly the parameter , which is very close to zero.
Concluding Remarks
An attempt has been done to estimate the demand for electricity in primary aluminum smelting. The attempt appears to have been successful.
Data was collected for a cross-section of observations from the U.S., Japan, and Norway, all of which are leading suppliers of primary aluminum.
The emphasis has been on long-run equilibrium relationships, with data from before the 1974 oil price increase as the core of the sample.
The elasticity of substitution between electricity and an aggregate 2) Wood (1975,1979) , Fuss (1977) , Griffin and Gregory (1976) , Pindyck (1979) , Grebenstein (1977, 1978) , and Halvorsen and Ford (1978) are examples of studies of factor demand in manufacturing industries.
3) For an exposition of the putty-clay model, see Johansen (1972) .
4) Since the price of electricity changes in finite steps, the function PE is continuous almost everywhere. This is sufficient for defining its expectation and covariance with output, which is needed in (5).
5) A discussion and survey of the literature on this issue is given by Berndt and Wood (1979) . 10) The large reduction in standard error comes from the large weight assigned to the Japanese observation because it is an average of 13 different plants. See the discussion in the previous section.
11) The weight was determined from the estimated residuals as
where eli are the residuals of the U.S. 78 observations, e2i all other residuals, and n, n 2 the number of observations in the two subsamples.
No heteroskedasticity of comparable magnitude was detected for the Japanese or Norwegian observations for 1977/78. 12) A discussion of the likely future location pattern of primary aluminum smelters is given in Mork (1979) .
13) Natural gas from interstate pipelines in the U.S. was subject to price controls in this period. However, since shortages occurred, its scarcity value exceeded the controlled price.
14) The Aluminum Association (1979). For Martin Marietta, the deliveries by BPA itself are broken down by plant.
Purchases from other suppliers are very small for this company. For customers of the-Tennessee Valley-Authority (TVA), electricity consumption per plant per calendar year was supplied by TVA. For Alcoa's plant in Alcoa, Tennessee, the power delivered to Alcoa in return for the power generated at Alcoa's dams was added to the power purchased from TVA.
Alcoa's plant in Warrick, Indiana, apparently gets all of its power from Alcoa Generating Corporation (AGC). Most of this is generated by AGC, and some is purchased from Southern Indiana Gas and Electric. The 
1978.
These were Alcoa's plant at Point Comfort, Texas, which was inactive for the whole year because of high prices of natural gas, and Noranda's plant in New Madrid, Missouri, which was closed for about 3 months because of a coal strike. Taking this into account adjusts the capacity utilization rate for the plants in the sample from 92% to 97%.
Information about fabrication activities at the same locations as smelters were obtained from Rocky/Marsh Public Relations, Inc., for the Pacific Northwest and directly from the companies for the rest of the country.
Quantity Data for Norway and Japan
The Norwegian data give electricity consumption, including auxiliary 
where C E is total cost of electricity, PBEB is total revenue for BPA deliveries, PC and E C are price and quantities for deliveries from Chelan County PUD No. 1, PR and E R are price and quantity for replacement power, and PO and E are price and quantity of deliveries from other sources.
Of these, all but PR and P are known. When no replacement power is purchased, PB is assumed to be the marginal price. This is justified by two facts, (i) PC is consistently lower than PB, and (ii) although P is higher than PB, E represents only small quantities for auxiliary power such as lighting and is not a regular substitute for Bonneville power. When replacement power is used, PR is the relevant marginal price. Given reasonable guesses for P, the accounting identity can be solved for PR. P is assumed to be 6. Alcoa's plant in Indiana gets most of its power from self-generation, but purchases a significant part from Southern Indiana Gas and Electric Co.
(SIG & E). Revenue and quantity data for these sales are taken from listing applications to the New York Stock Exchange from SIG & E, with a telephone update for 1978 directly from the utility. Average revenue per kwh for these sales is assumed to be the alternative value of the selfgenerated power and used as the price of electricity.
Alcoa's plant in North Carolina gets all its power from its subsidiary Yadkin, Inc. According to published figures, Yadkin, Inc. purchases some power in addition to its own generation. Scme of the purchases are made from Duke Power Co., which covers the area. I assume that the industrial rate of this utility is a satisfactory measure of the alternative cost.
It may be noted that Alcoa and Duke Power closed a contract for power delivery under these terms in 1976, although no actual sales have taken place ta date.
Electricity Prices for Norway and Japan
Price data for Norwegian smelters were extracted from various documents of Stortinget, the Norwegian Parliament (Stortingsproposisjon no. 145, 1961-62, and no. 81 and 165, 1975-76) 
